Four U.S. sites formed a consortium to conduct a multisite study of fMRI methods. The primary purpose of this consortium was to examine the reliability and reproducibility of fMRI results. FMRI data were collected on healthy adults during performance of a spatial working memory task at four different institutions. Two sets of data from each institution were made available. First, data from two subjects were made available from each site and were processed and analyzed as a pooled data set. Second, statistical maps from five to eight subjects per site were made available. These images were aligned in stereotactic space and common regions of activation were examined to address the reproducibility of fMRI results when both image acquisition and analysis vary as a function of site. Our grouped and individual data analyses showed reliable patterns of activation in dorsolateral prefrontal cortex and posterior parietal cortex during performance of the working memory task across all four sites. This multisite study, the first of its kind using fMRI data, demonstrates highly consistent findings across sites.
INTRODUCTION
Functional magnetic resonance imaging (fMRI) has revolutionized our understanding of human brain function. Never before have we had the spatial resolution in a relatively noninvasive methodology that allows neuroscientists to examine the function of the human brain, especially the developing human brain. Yet, with the emergence of each new technological advance, considerable time and effort are required to validate and deem reliable these new techniques. Such a step is critical if we are to move this exciting methodology into the forefront of cognitive and clinical neuroscience.
A recent example of a number of institutions pooling their resources to examine the reproducibility of brain imaging results was reported by Poline et al. (1996) . This study included positron emission tomography (PET) data from 12 European PET centers (Cologne, Copenhagen, Dusseldorf, Essen, London, Groningen, Leuven, Liege, Lyon, Milano, Orsay, and Stockholm) during performance of a verbal fluency test. Each center's data set and pooled data sets were analyzed using statistical parametric mapping and consistency across sites was reported in addition to methodological issues believed to influence sensitivity in detecting brain activation. Other similar efforts have been reported by Senda et al. (1993) and Watson et al. (1995) . All of these studies examined PET data.
Accordingly, across similar lines and with similar goals, four U.S. sites formed a consortium to conduct a multi-site study of fMRI methods. The primary purpose of this consortium was not only to examine the reliability of results, but also to establish the potential and importance of this methodology with pediatric populations. The data presented here focus exclusively on the reproducibility and comparability of results from fMRI data collected on healthy adults during performance of the same behavioral paradigm at four different institutions.
The behavioral paradigm selected was a spatial/ motor working memory task. This task was developed by the consortium and based on paradigms used previously by members of the Consortium to activate sensorimotor systems (e.g., motor cortex and cerebellum) as well as higher cognitive systems (e.g., prefrontal cor-tex) using fMRI (Cohen et al., 1994; Casey et al., 1995; Kim et al., 1994) .
This article addresses three specific issues: First, how robust are activations of sensorimotor systems and association cortices during performance of the behavioral paradigm? Second, how reproducible are results from different sites despite differences in imaging hardware, postprocessing software, and analytic strategy? Third, how do the results obtained when pooling data across sites compare with results from individual sites? To our knowledge, this is the first effort to investigate the robustness and reproducibility of fMRI results across sites.
METHODS

Data Acquisition and Collection
The fMRI data were acquired at four different sites (Carnegie Mellon University/University of Pittsburgh Medical Center, Massachusetts General Hospital/ Harvard University, University of Minnesota, and the University of Wisconsin at Madison) using 1.5-T scanners and volume head coils. However, specific hardware, software, and pulse sequences varied slightly across sites. All scanners were made by General Electric (GE) except for the scanner at Minnesota which was a Seimens Magnetom 1.5-T Vision system with echo planar imaging capabilities. The Pittsburgh and Boston sites both used Advanced NMR systems for acquisition of echo planar images, while the Madison site's 1.5-T GE Echo Speed scanner was outfitted with fast gradients to allow for whole body echo planar imaging. To restrict head motion, the Boston and Madison sites used bite bars (Madison; Mock and Irwin, 1997) and Minnesota and Pittsburgh used foam padding around the head. Although all sites acquired 7-mm slices, pulse sequences varied across sites. Boston used an asymmetric spin echo (ASE) pulse sequence (TR/TE ϭ 5/70; Matrix ϭ 128 ϫ 64; FOV ϭ 40 ϫ 20) to acquire echo planar images, while gradient echo pulse sequences were used at Minnesota (TR/ TE ϭ 3000/60, Matrix ϭ 128 ϫ 128; FOV ϭ 22), Pittsburgh (TR/TE ϭ 6000/40, Matrix ϭ 128 ϫ 64; FOV ϭ 40 ϫ 20; NEX ϭ 1; Flip ϭ 90), and Madison (TR/ TE ϭ 2000/50; Matrix ϭ 64 ϫ 64; FOV ϭ 24; NEX ϭ 1; Flip ϭ 90). All sites collected 3-D volume scans for the purposes of coregistration and localization of activity.
Two sets of data from each institution were made available to the Pittsburgh site for final processing. Data from two subjects 3 were made available from each site and were processed and analyzed as a pooled data set. This allowed us to examine patterns of brain activation when image acquisition varied across subjects, but image processing and analysis were identical. Second, statistical maps from five to eight right-handed healthy adults 4 per site were made available. These images were aligned in stereotactic space and common regions of activation were examined to address the reproducibility of fMRI results when both image acquisition and analysis vary as a function of site. We have a very strong argument for the reproducibility and comparability of our fMRI results if we observe the same general findings when the data are acquired and processed differently across sites.
Behavioral Paradigm
Subjects monitored a visual display for a dot 5 that was randomly presented in one of four adjacent box locations every 2 s (refer to Fig. 1 ). The stimulus duration was 500 ms and the interstimulus interval was 1500 ms. The three task conditions (visual, motor, and memory) were identical except for the instructions to the subject. In the visual condition, the subject simply maintained fixation and did not respond. In the motor condition, the subject was asked to press one of four buttons corresponding to the location of the dot for the current trial. In the memory condition, the subject was asked to press the button corresponding to the location at which the colored dot appeared two trials back. All subjects were instructed to maintain fixation on a central cross bar during performance of the task.
All subjects were right-handed and responded using their right hand and a hand-held response box with fiber-optic connections to a Macintosh computer in the control room running Psyscope software (Cohen et al., 1993) . At the Boston, Minnesota, and Pittsburgh sites, trials were blocked by condition, with each block lasting 60 s. The condition order was varied pseudorandomly, with the constraint that each of the three conditions occurred once in every set of three blocks. Blocks were separated by 20-s baseline intervals during which only the four adjacent boxes were presented between each condition and the subject was instructed to rest. A brief instruction screen preceded each condition. Thirty blocks were presented with 10 blocks per condition and a total of 400 trials per condition. Each site made slight modifications to the paradigm to optimize the task to site specific scanning parameters. Due to a constraint in image acquisition, the Minnesota site excluded the rest condition for the last five subjects to increase the number of acquisitions during the three conditions of memory, motor, and visual. The Madison site implemented an off-on block design, rather than the randomized block design, with three separate runs of rest-vision, vision-motor, and then motor-memory (refer to Fig. 2 ). Each run consisted of 11 blocks of 16 trials alternating between task conditions and beginning and ending with ''off'' blocks.
Group Analysis
The data from two subjects per site were first registered in 3-D space using an automated image registration algorithm (Woods et al., 1992) to correct for head motion and then analyzed using a two-factor multifactorial design treating runs as one factor, thereby controlling for transients over time and condition as the second factor. An analysis of variance was performed on each slice of each individual subject's data and then thresholded for significance using a cluster-size algorithm that takes account of the spatial extent of activation in correcting for multiple comparisons (Forman et al., 1995) . A contiguity threshold of three contiguous pixels and P Ͻ 0.005 were used as criteria for significant activity corresponding to a corrected pixel-wise ␣ protection of P Ͻ 0.00001 (Forman et al., 1995) . The resulting F-maps from each subject were then standardized into Talairach stereotactic coordinates (Talairach and Tournoux, 1988) by rescaling images relative to the positions of the anterior and posterior commissure and the edges of the brain (determined manually on a registered anatomical volume image) using AFNI 2.10 software (Cox, 1996) . To accommodate individual differences in gyral patterns, the F-maps were passed through a 5-mm FWHM Gaussian filter. Next, a count analysis was performed using AFNI 2.10 software to determine how many of the subjects had common areas of activation (i.e., how many subjects had significant activity in a given voxel). The results reported are those regions where at least six of the eight subjects had overlapping activity for the comparisons of Memory vs Motor and for Motor vs Visual. For the comparison of Visual vs Rest, only seven of the eight subjects had data for the rest condition; therefore results are reported for regions where at least five of the seven subjects had overlapping activity. The significant regions of activation are reported by gyri, Brodmann's areas, and Talairach coordinates.
Individual Data Sets
The independent samples from each of the four sites addresses the reproducibility of the results when both acquisition and analysis vary as a function of site. All sites' data were corrected for head motion in either 2-D (Madison and Minnesota) or 3-D (Boston and Pittsburgh) space and analyzed prior to making the data available to the Pittsburgh site. The Boston site generated Kolmogorov-Smirnov (KS) statistical maps of signal change in individual functional image voxels correlated to task performance for five adult subjects. The Minnesota and Madison sites both generated statistical maps based on voxel-wise Student t tests for the functional images of each of five subjects per site. The statistical maps from each of these three sites were first standardized into Talairach stereotactic coordinates (Talairach and Tournoux, 1988) by rescaling images relative to the positions of the anterior and posterior commissures and the edges of the brain (determined manually on a registered anatomical volume image) using AFNI software (Cox, 1996) . The number of subjects showing significant activation at each voxel of the aligned images was computed for the data set after blurring the images with a 5-mm FWHM Gassian filter to accommodate between-subject anatomical variability. The Pittsburgh site generated statistical maps based on images that were coregistered and pooled across subjects. This was done by coregistering the structural images for each subject to a common reference brain using a 12-parameter automated algorithm (Woods et al., 1992) and then smoothing the images using a 3-D Gassian filter (8 mm FWHM) to accomodate between subject differences in anatomy. F-maps were then generated by performing multifactorial analyses of variance on the pooled data set of eight subjects. The resulting F-maps were then standardized into Talairach stereotactic coordinates as described above. Statistical maps from all sites were thresholded (P Ͻ 10 Ϫ5 ) to adjust for multiple voxel-wise comparisons. The observed patterns of activity across sites were localized by gyri, Brodmann's area, and Talairach coordinates using the Talairach atlas (Talairach and Tournoux, 1988) .
RESULTS
Group Analysis
Three analyses of variance were performed to identify regions of activation for the comparisons of Motor vs Visual conditions, Memory vs Motor conditions, and Visual vs Rest conditions. Significant regions of brain activity are presented in Table 1 for each of these three contrasts. The locations of significant activity observed in overlapping regions across subjects are reported. The number of subjects reported in Table 1 is the number of subjects with overlapping activity in these regions. The volume of activity reported is the observed extent of overlap in cubic millimeters.
Memory vs Motor Contrast
Significant activation for the contrast of the memory and motor conditions was observed in the middle, medial, and superior frontal gyri (BA 46, 10, and 9), left insular, both inferior and superior parietal lobules (BA 40 and 7), right precuneus (BA 7), and posterior cingulate gyrus (BA 31) (refer to Table 1 ). The most reliable regions of activity (i.e., the greatest number of subjects with overlapping activity in these regions) were observed in the right dorsolateral prefrontal cortex (BA 46) and right superior parietal lobule with 7 of 8 subjects showing overlapping activity in these regions.
Motor vs Visual Contrast
Seven of eight subjects showed overlapping activity for the contrast of motor and visual conditions in supplementary motor, premotor, and primary motor cortices as well as somatosensory cortex. This activity was predominantly lateralized to the left hemisphere and was specifically observed in middle frontal (BA 8), superior frontal (BA 6), precentral (BA 4), and postcentral (BA 3/5) gyri. Significant activity was also observed in the right cerebellum, fusiform gyrus (BA 18), and anterior cingulate gyrus (BA 32) for six of eight subjects.
Visual and Rest Contrast
For the contrast of the Visual and Rest conditions, five of seven subjects showed bilateral activity in the middle occipital gyri and cuneus (BA 18/19) and left lateralized activity in the lingual gyrus (BA 18).
Individual Data Sets
Significant regions of brain activity are presented in Tables 2-3 Tables 4a and 4b . The behavioral data for the memory and motor conditions from each site are reported in Table 5 .
Memory vs Motor Contrast
The most reliable regions of activation were observed in right dorsolateral prefrontal cortex and in the right superior parietal lobule (BA 7) similar to the findings from our group analysis. Specifically, all four sites found significant activity in the right middle frontal gyrus in Brodmann's area 46 (refer to Fig. 3a ) and Brodmann's Area 6. Three of the four sites observed activation in the left insular, left middle frontal gyrus (BA 6), left or right superior frontal gyri (BA 8), and left or right posterior cingulate gyri (BA 23 and 30). Although less reliable across sites, activation was also observed in the putamen, pulvinar, precuneus, and portions of the occipital (BA 18 and 19) and temporal cortices (BA 20, 21, 37, and 39) .
Motor vs Visual Contrast
The most reliable regions of significant activation for the contrast of motor and visual conditions were observed in the left supplementary motor and premotor cortex (BA 6), left primary motor (refer to Fig. 3b) , left somatosensory cortex (BA 1, 2, and 5), and right cerebellum. At least three of the four sites found activation in the right anterior cingulate gyrus (BA 24 and 32) and fusiform gyri (BA 37). Less reliable activity was observed in the striatum, thalamus, ventral, and medial prefrontal cortices (BA 11 and 10) and temporal cortices (BA 20, 21, and 41).
Visual vs Rest Contrast
As noted above, only two sites observed significant activity which was localized in occipital cortex, specifically in the cuneus and lingual gyri (BA 18 and 19).
DISCUSSION
Overall Findings
Our results revealed reliable patterns of activation across all three task conditions, with the most reliable patterns of activity observed for the memory and motor task conditions. During performance of the spatial working memory task, activity was observed in the right dorsolateral prefrontal cortex and the right superior parietal lobule individually across the four sites as well as in the group analysis. The pattern of activity in prefrontal cortex was similar to that observed previously by Cohen et al. (1994 Cohen et al. ( , 1997 and Casey et al. (1995) using a nonspatial working memory task with fMRI. The observed activity in dorsolateral prefrontal cortex and posterior parietal cortex is also consistent with nonhuman primate neurophysiological studies (Fuster, 1989; Goldman-Rakic, 1987 ) and both PET and fMRI studies (Courtney et al., 1996; Feiz et al., 1996; Jonïdes et al., 1993; McCarthy et al., 1994; Petrides et al., 1993; Swartz et al., 1995) . Furthermore, the observed right lateralization of activity is consistent with previous studies of working memory for spatial information . Other regions of activity observed in the group analysis as well as across several of the sites individually included left motor areas (SMA and premotor cortex) and the left insula. Activity in both of these regions has been observed in previous imaging studies using very similar nonspatial working memory tasks (Awh et al., 1996; Braver et al., 1997 ). An interpretation of this result put forth by Braver et al. is that the observed activity in motor regions may reflect motor readiness. Since the memory task condition is likely to demand more processing time, this leaves less time for response preparation. The system may adapt by maintaining a higher level of motor readiness, producing a tonic increase in activity within motor cortex. While the observed left insular activity has been observed in working memory tasks it has also been observed in tasks requiring retrieval of information from long-term memory (Buckner and Petersen, 1996) . Both situations require a comparison of internally stored representations with externally presented stimuli. Thus, the insula may be involved in matching these two types of information.
The most reliable regions of activation for the motor task were observed in the left motor areas (supplementary motor, premotor, primary motor cortex), left somatosensory cortex, and right cerebellum. The activity observed in motor areas reflect the subjects' preparation, execution, and control of purposeful movements as they made a right-handed button press that corresponded to the dot location. The fact that this activity was lateralized predominantly to the left hemisphere in motor cortex and the right hemisphere in the cerebellum is consistent with cortical organization as contralateral and cerebellar organization as ipsilateral to the limb engaged in the movement. The observed cerebellar activity replicates previous studies implicating this region in the sequencing and timing of movements (Kim et al., 1994) . The activity observed in the left somatosensory cortex most likely reflects the sensation of pressure as the subjects repetitively pressed the buttons to respond during the motor task relative to resting their fingers continuously on the buttons during the visual task. During performance of the visual task, activity was observed in Brodmann's areas 18 and 19 of the occipital cortex, although this pattern of activity was not observed across all four sites. The lack of robustness of visual cortical activity may be due to the combination of the slow rate of stimulus presentation (once every 2 s) and the wide visual angle of the stimulus display (8°). The stimulus presentation rate was intentionally held constant across task conditions and the selection of the slower stimulus presentation rate was necessary for the subjects to be able to perform the memory task condition. Alternatively, the lack of activity in visual cortex may be due to the similarity in the visual stimulus during the Rest and Visual conditions. The boxes and fixation appeared throughout each condition and only the dot was added in the Visual condition.
In sum, our results suggest that the paradigm used in this study is a fairly robust behavioral probe for activating both sensorimotor and association cortices. The design of the behavioral task is hierarchical with each condition adding well specified cognitive demands to the simpler one, while holding other factors constant. Thus, each condition acts as a control for the next more complex one, permitting within-subject comparisons of all conditions.
Reproducibility of the Results
While the observed patterns of activation observed during the three task conditions are interesting, the primary objective of this study was to examine the robustness and reproducibility of results across sites. The similarity in location and distribution of activity is shown in Fig. 3 revealing almost exact matches in stereotactic coordinates for activation of right dorsolateral prefrontal cortex and left primary motor cortex across the four sites. In sum, even when different image acquisitions and analytic tools were used we observed the same general findings across sites, and in our group analysis. This provides strong evidence for the reproducibility, reliability, and comparability of our fMRI results.
Differences across Sites
While the similarities observed across sites are impressive, differences were also observed. These differences are most clearly shown in Tables 2-4. For example, one obvious difference is fewer, although typically larger, regions of activity for some sites relative to others (refer also to Fig. 3) . This difference may be due to differences in contrast to noise across the various MR centers, number of subjects, number of acquisitions, data processing, differences in motion artifact across sites given the use of bite bars at some and foam padding at others, or even individual differences in subject's behavioral performance. It did appear to be the case that those sites with a large number of active regions did not use a bite bar, but rather relied on foam padding around the head. Thus, activity associated with motion may account for some of the differences observed in number of activated regions (Hajnal et al., 1994) . Another case of differences across sites was the observation of lateralized activity at some sites but not others. For example, two of the four sites reported only right dorsolateral prefrontal activity (BA 46) during the memory task condition, while the other two sites reported bilateral dorsolateral prefrontal activity with less overall left dorsolateral activity. This pattern of activity could be explained by differences across sites in image acquisition, processing, or analysis. One possible factor may be the procedures used by different investigators to determine the threshold for considering brain activity to be significant. In the current study, statistical maps were corrected for multiple comparisons in the same way across sites. By increasing or lowering a Due to technical problems, the behavioral data from the Madison site is not available. However, four of their five subjects were given practice on the task in a simulated MRI environment until they reached a 70-90% accuracy rate prior to scanning. that threshold, the laterality effects may change, especially given the different statistical tests applied across sites. Similar conflicting results have been reported in the imaging literature using very similar working memory paradigms, with some studies reporting highly lateralized prefrontal activity D'Esposito, et al., 1997) and others reporting primarily bilateral activity .
Limitations
There are limitations in the current study. First, although a strong effort was made to standardize the design of the experiment and the data processing from site to site, there were a number of variations across sites. While the many descrepancies in collecting and analyzing images across the four sites make the reliability all the more impressive, they make any interpretation of the differences impossible. Two main sources of variability were mixed in the present study. These include the image processing and statistical analysis as well as the data acquisition and differences between groups of subjects. Whether the variability between the different sites is due to acquisitions or due in part to the analysis is unclear. Even for the most robust difference of Motor versus Visual conditions, several anatomic regions of interest were observed across the centers (refer to Tables 3a-3d) in addition to the nine regions found in at least three of the four sites. These results suggest that there is either a sensitivity problem in the ability to detect true activity across sites or a specificity problem in the inclusion of false positives from some sites. Further, the type of statistical analyses performed (e.g., mixed and random effects model versus fixed effect models) may call into question the generalizability of the current findings. However, the reproducibility of patterns of activation across sites is nonetheless impressive.
CONCLUSIONS
This multisite study, the first of its kind using fMRI data, demonstrates highly consistent findings across sites. In conjunction with other, even larger, multicenter studies (e.g., Poline et al., 1996) , it demonstrates the beginnings of a new era in collaborative scientific research among institutions due to the ease and accessibility of information and data over the internet. Finally, an important goal for our consortium was to establish the hallmark for collaborative studies using this relatively noninvasive methodology with pediatric populations. Although the data that are presented in this paper focus exclusively on the reproducibility and comparability of results from fMRI data collected on healthy adults, the preliminary findings from a parallel study in children are yielding very similar results (Casey et al., 1997) . Clearly, fMRI promises a whole new era in cognitive neuroscience.
